Similar phagocytic and digestive events involving erythrocytes containing HEINZ bodies occured in KUPFFER cells and splenic macrophages of the dog. The earliest stage was confinement of a nonhemolyzed red blood cell by the membrane of a phagocytic vacuole. Next, there was leaching of hemoglobin into the phagocytic vacuole, followed by fragmentation and loss of the erythrocytic membrane. A round phagocytic vacuole containing hemosiderin was the fate of phagocytized erythrocytes containing HEINZ bodies.
HEINZ bodies were first described in 1890 [3] , but there still is not agreement as to their nature and disposition. The popular opinion is that they be an insoluble denaturative product of hemoglobin [4, 7, 8] , be composed of repeating electron-dense units [7] , and be removed by the reticuloendothelial system [&lo] . It is known that erythrophagocytosis is accomplished in KUPFFER cells and that the digestion of erythrocytes occurs within phagocytic vacuoles [2] . Erythrocytes containing HEINZ bodies are phagocytized 'in a like manner [8, 10] . However, the entire sequential process of disposal of HEINZ bodies in macrophages of the liver and spleen has not been resolved.
This paper reports an ultrastructural study in dogs and turkeys of phagocytosis of erythrocytes containing HEINZ bodies and the reconstruction of the orderly procession of events leading to the ultimate fate of HEINZ bodies in macrophages of the liver and spleen.
Materials and Methods
Phenylhydrazine hydrochloride was injected subcutaneously into 5 dogs and 5 turkeys at a dose of 13 mg/kg of body weight every other day until at least 75% of the erythrocytes contained HEINZ bodies, as determined by staining with neutral red and brilliant green [ll]. At this time, specimens were collected for examination with the electron microscope. Samples of liver and spleen from each of the dogs and turkeys were procured immediately following euthanasia with pentobarbital sodium, fixed in 3.5% buffered glutaraldehyde, post-fixed in 1 % osmic acid, and embedded in Araldite. Sections of tissues, 250 8, thick, were placed on grids, stained with uranyl acetate and lead citrate [6] , and examined with a Philips EM200 electron microscope. Pieces of canine liver fixed in glutaraldehyde were embedded also in butoxyethanolglycol methacrylate [9] , stained with GOMORI'S stain for iron, and examined by light microscopy.
Results

Liver
The KUPFFER cells were the sequestrators of canine erythrocytes containing HEINZ bodies. Stages of degeneration of such erythrocytes, from early to advanced, were observed in a single KUPFFER cell. Red cells contained several discrete HEINZ bodies, usually located at their periphery. The HEINZ body was not confined by a membrane, was composed of innumerable closely packed, electron-opaque particles, and was considerably more electron-opaque than the surrounding erythrocytic stroma. In the earliest stage of phagocytosis, the nonhemolyzed red cell was surrounded tightly by the membrane of a more-or-less round phagocytic vacuole ( fig. l) , so that only a narrow space separated the membranes of the erythrocyte and phagocytic vacuole. Some recently phagocytized erythrocytes had pseudopod-like projections on their surfaces. Following phagocytosis, leaching of hemoglobin from the red cell into the phagocytic vacuole caused a substantial separation of the membranes of the erythrocyte and phagocytic vacuole that previously were closely associated ( fig. 2 ). The next step in degeneration was fragmentation and destruction of portions of the erythrocytic plasmalemma ( fig. 3 ). Because there was not simultaneous destruction of the entire erythrocytic membrane, persistent portions of the membrane became folded and HEINZ bodies became scattered within the phagocytic vacuole ( fig. 3 ). Eventually there was destruction of the entire erythrocytic membrane ; the resulting structure consisted of a phagocytic vacuole containing dispersed but nondegenerate HEINZ bodies embedded in a matrix which appeared to be hemoglobin ( fig. 4 ). Subsequently the phagocytic vacuole became irreg-ularly condensed, and, as a result, assumed elongated, comma-shaped, 'U'shaped, 'S-shaped, or other bizarre forms whose extremities folded back oz themselves to form ring-shaped manifestations ( fig. 4 ). At this stage, HEINn bodies were narrowly separated in a meager matrix of hemoglobin. Mitochondria and endoplasmic reticulm were frequent in the cavity of the condensed, ring-shaped phagocytic vacuole ( fig. 5 ). As condensation of the ringshaped phagocytic vacuole progressed, individual HEINZ bodies therein coalesced to form masses of fine, granular material ( fig. 5 ). Apparently, condensation of the phagocytic vacuole resulted from pinching off of portions of the internal and external boundaries of the phagocytic vacuole ( fig. 6,7) , so that the cavity of the ring-shaped structure gradually became smaller, irregular in shape, and, eventually, nonexistent. Thus, the ultimate fate of erythrocytes containing HEINZ bodies in phagocytic vacuoles of KUPFFER cells appeared to be a round, membrane-limited body of variable size which contained delicate, electron-opaque particulate material (hemosiderin). The presence of hemosiderin was determined by the demonstration of iron in phagocytic vacuoles of KUPFFER cells in sections of liver embedded in glycol methacrylate, stained with GOMORI'S iron stain, and examined by light microscopy. A lining of particles beneath the limiting membrane of the vacuole sometimes created a false impression that the vacuoles were surrounded by a double membrane ( fig. 8) .
HEINZ bodies in individual erythrocytes of the turkeys were fewer and smaller than those in canine erythrocytes and occurred in both nucleus and cytoplasm. KUPFFER cells in turkeys phagocytized and digested erythrocytes containing HEINZ bodies in a manner basically similar to that observed in the dog with the exception that sometimes two or more erythrocytes occurred in a single phagocytic vacuole. There were lysis of hemoglobin from both the erythrocytic cytoplasm and nucleoplasm into the phagocytic vacuole, folding and fragmentation of the erythrocytic membrane, and fragmentation of the nuclear envelope which was followed by karyorrhexis and karyolysis ( fig. 9 ). Thus, the most stable structure within phagocytic vacuoles was the HEINZ body, and the least stable ingredient was hemoglobin. Chromatin material, erythrocytic membrane, and nuclear envelope were intermediate in stability. Although phagocytic vacuoles remained more-or-less round throughout the entire erythrocytic digestive process, they did become condensed, and the enclosed HEINZ bodies coalesced. The end result of erythrophagocytosis was a membrane-bound body composed of electron-opaque granular material (hemosiderin). This body containing hemosiderin appeared to be the ultimate fate of erythrocytes containing HEINZ bodies in phagocytic vacuoles of KUPFFER cells of the turkey liver.
Spleen
The phagocytosis and digestion of erythrocytes containing HEINZ bodies occurred in macrophages of the spleen of the dog. This process was similar to that which occurred in the KUPFFER cells of the liver, leading to the presence in splenic phagocytes of more-or-less rounded, membrane-limited bodies containing granular hemosiderin ( fig. 10) .
The splenic macrophages of the turkey, as did their KUPFFER cells, contained one or more erythrocytes bearing HEINZ bodies within a single phagocytic vacuole. Similar alterations of erythrocytes and HEINZ bodies occurred in both liver and spleen, leading ultimately to the presence in phagocytes of a condensed, more-or-less rounded body (phagocytic vacuole) containing innumerable electron-opaque particles of hemosiderin ( fig. 1 1) .
Discussion
The sequential stages of phagocytosis and degradation in KUPFFER cells and splenic macrophages of erythrocytes containing HEINZ bodies have been depicted herein by several electron micrographs. The essential role of phagocytic vacuoles (lysosomes) in this degenerative process has been noted previously [5,8, lo], and it has been suggested [5] that hemosiderin be the final degradative product of HEINZ bodies. In the present study, it was observed that in the dog complicated folding and compression of the membrane of the phagocytic vacuole were involved in the conversion of several discrete HEINZ bodies into granular hemosiderin with a membrane-bound phagocytic Fig.6 . Condensation of a phagocytic vacuole in canine KUPFFER cell apparently results from pinching off of internal (I) and external (X) (insert) boundaries of the vacuoles. x 45,000. Fig. 7 . Canine KUPFFER cell: The cavity of a ring-shaped phagocytic vacuole is small and irregular due to pinching off of much of the internal boundary (arrows). x 35,000. Fig.8 . Canine KUPFFER cell: The fate of HEINZ bodies in erythrocytes is a round phagocytic vacuole containing hemosiderin. Lining up of granules beneath the membrane creates a false impression of a double membrane (arrows). x 50,000. Fig.9 . One of the phagocytic vacuoles (PI) in a turkey KUPFFER cell contains 2 erythrocytes; the other vacuole (P2) contains a single erythrocyte. There is rupture and folding of the erythrocytic membranes (arrows). HEINZ bodies are in the cytoplasm ( Y ) and nucleoplasm (0). x 10,000. Fig.10 . Two ring-shaped (D, D1) and 2 hemosiderin-laden (H) phagocytic vacuoles in a canine splenic macrophage. x 30,000. vacuole (lysosome). It was not demonstrated, however, whether shrinking and folding of the membrane of phagocytic vacuoles and the presence of mitochondria and endoplasmic reticulum in the cavity of ring-shaped phagocytic vacuoles ( fig. 6 ) were involved in coalescence of several discrete HEINZ bodies into masses of electron-opaque particles. Neither folding of the membrane of phagocytic vacuoles nor entrapping of organelles was observed in splenic or hepatic macrophages of the turkey; it is possible that this difference in appearance of phagocytic vacuoles were due to the turkey erythrocyte having a nucleus with the additional problem involved in its digestion.
'Pitting' of HEINZ bodies from erythrocytes [l, 51 by splenic macrophages has been reported to be more important than phagocytosis of whole erythrocytes containing HEINZ bodies. A 'pitting' mechanism was not observed in the present investigation; however, in unpublished observations (the author -1970) on the peripheral blood of horses, HEINZ bodies sometimes became expatriated from the erythrocyte by being pinched off from the erythrocytic plasmalemma. Moreover, in the present work it was noted that degeneration of HEINZ bodies in phagocytic vacuoles of macrophages of the spleen and liver of dogs was characterized by shrinking and folding of the membrane of the phagocytic vacuole, and that sometimes in this process a HEINZ body was pinched off from the surface of a compressed and distorted phagocytic vacuole prior to conversion of the several HEINZ bodies into hemosiderin-laden structures (lysosomes).
